Studies have suggested that congenital left hemispheric (LH) frontal arteriovenous malformations (AVMs) are associated with an early transfer of language to right hemisphere (RH) frontal regions. The question remains whether such anatomofunctional reorganisation is due to RH compensatory abilities or to a general principle of lateral shift. In this study, we used fMRI language paradigms to investigate the case of a patient presenting aphasic symptoms following an haemorrhage due to a right frontal AVM. Prior to surgery, fMRI showed that language processing was con®ned to the RH, suggesting that language had not shifted during childhood from this congenitally dominant RH to the LH. After surgery, the patient presented severe aphasia that recovered to presurgical level within 70 days. At this time, fMRI showed that language tasks were still not associated with activations in the LH. These results suggest that the principles of early cerebral reorganisation after congenital lesions may differ in the RH and the LH. In addition, they support the idea that ef®cient restoration of language is achieved if a suf®ciently large neuronal network is preserved around the lesion. 
INTRODUCTION
Prior to brain surgery, the question of the functional integrity of certain brain regions is of major importance to prevent major post-surgical cognitive de®cits, particularly when atypical functional organisation is suspected. In left hemisphere (LH) damaged patients, a crucial question concerns the hemispheric dominance and the precise localisation of language areas. For epilepsy surgery for example, the invasive Wada test is carried out when the language-dominant hemisphere is not clearly determined [1] . fMRI paradigms, using various linguistic tasks including verbal¯uency, rhyme detection and semantic judgment, have been proposed as non-invasive methods to assess the language-dominant hemisphere [2, 3] and to precisely localise the different brain areas involved in different language components [4] . fMRI studies have also been conducted in aphasic patients to assess the neurological basis of language recovery in single patients [5] . Such studies could also provide evidence for both intrahemispheric and inter-hemispheric reorganisation in chronic neurovascular diseases such as cerebral arteriovenous malformations (AVM) [6, 7] . The interest in AVM is due to its congenital nature, existing prior to language development. Some studies reported that patients with AVMs affecting the left perisylvian regions recruited more intensively the RH into language processing than stroke patients whose left cortical language networks were damaged in adulthood [8] . Other reports suggested that RH participation occurs more particularly in left frontal AVMs [7] while more posterior lesions induce an intrahemispheric posterior to anterior reorganisation [6] . However, these suggestions rely on cases where only classical language organisation was studied. It would be interesting to verify whethr such inter-frontal reorganisation after chronic lesions is a more general process and can take place also in atypical language lateralisation.
In this study, we used fMRI paradigms to determine hemispheric dominance and cortical organisation for language during two activation tasks in controls and in a patient presenting aphasic symptoms following an haemorrhage caused by a right frontal opercular AVM. Our aim was to verify whether only inter-or intra-hemispheric language reorganisation could be observed in this patient during a phonological and a semantic judgement task both prior and after brain surgery.
MATERIALS AND METHODS
Subjects: Six healthy control men and one patient participated in this study. Control subjects were right-handed (mean age 29 AE 11 years), native speakers of French and had normal vision. Both controls and the patient gave their informed consent prior to their participation in this study. The patient, SDA, was a 36-year-old Portuguese woman, uent French speaking and ambidextrous. She presented at our institution with headache and word-®nding dif®cul-ties. The neurological examination was otherwise normal. Detailed language examination mainly showed mild naming impairment in spontaneous speech. On standardised testing, her performance was moderately impaired in the French version of Boston naming test (BNT) [9] and showed some semantic paraphasias. Repetition of sentences, but not of single words, was impaired. Verbal semantic and phonological¯uency tests (referred to as controlled oral word association [9] ) both showed signi®-cantly reduced performance. Oral and written comprehension were normal for words and sentences.
Brain CT and MRI scans revealed a 3 cm wide right fronto-opercular haemorrhage extending into the right Brodmann area 44/45 with mild surrounding oedema and mass effect. An abnormal vein was seen on the MRI scan near the haematoma and a cerebral angiogram demonstrated a super®cial right fronto-opercular AVM. The nidus was also 3 cm in diameter. These radiological examinations showed no abnormalities in the LH.
The patient underwent a ®rst fMRI session before the complete surgical excision of the AVM. The immediate post-operative neurological examination revealed a severe non-¯uent aphasia. In addition, the patient showed apraxia of speech. Spontaneous speech was limited to isolated words with phonological and semantic paraphasias. Repetition was impaired for isolated words and non-words (e.g.`taje' instead of`kafe'). Object naming was severely impaired with phonological paraphasias and neologisms (e.g.`kla' instead of`kle'). The BNT and the verbal¯uency tasks were not testable. Oral comprehension tested by either a name-to-image or simple sentence-to-image association task showed . 50% erroneous responses, attesting a severe impairment. Reading and writing to dictation were better preserved despite the presence of paragraphias on verbs and function words (e.g.`joue' instead of`je' and vois' instead of`vai'). Finally, the patient showed an ideomotor and a buccofacial apraxia.
Follow-up CT and MRI (with diffusion sequences) 2 and 4 days, respectively, after surgery demonstrated a local vasogenic oedema related to the resorption of the haematoma and to the operative approach and also a small cytotoxic right temporal anterior oedema marking ischemia. Control angiogram revealed the complete resection of the AVM. The aphasic symptomatology had an ongoing regression and the patient underwent the second fMRI about 70 days after surgery. At this time, apraxia of speech had nearly disappeared, but the patient still presented some word-®nding dif®culties. Particularly, naming performances were within normal limits on the Boston Diagnostic Aphasia Examination (BDAE [9] ), and returned to the pre-surgical level at the BNT. Similarly, in verbal semantic and phonological¯uency as well as repetition and oral comprehension, the patient showed scores comparable with pre-operative testing. Finally, written language was characterised by the decrease of the number of paragraphias, although syntactic errors were still observed.
Paradigm and stimuli: For all experiments, a block paradigm was applied, which alternated between control and activation sequences. The stimuli, concrete imaginable nouns of high frequency, were presented to the subjects via a video projector, a front-projection screen and a system of mirrors fastened to the head coil. The visual ®eld spanned by this setup was $15 3 118. In the ®rst phonologic task, subjects had to give a response with the right hand if the two words presented simultaneously on the screen rhymed. In the second semantic task, they had to decide whether the two words belonged to the same semantic category [10] . In the control condition, words were replaced by Greek letter strings and subjects had to decide whether the two strings of the pair were visually identical or not. In both activation and control conditions, the response ratio was 2:1. Stimulus pairs were presented on the screen for 600 ms at 0.5 Hz, and the two conditions (24 s each) were repeated ®ve times, providing a total duration of 4 min per stimulation run.
MR acquisition:
Experiments were performed on a 1.5 T whole-body Eclipse system (Marconi Medical Systems, Cleveland, OH) using the standard head coil con®guration (body coil for excitation, head coil for detection). Acquired multi-slice volume was positioned on sagital scout images. Data processing: Data processing relied upon cross-correlation analysis [11] after motion correction [12] , using MEDX software (Sensor Systems, Sterling, VA). Data were smoothed spatially by convolution with a 5 mm±5 mm± 10 mm FWHM Gaussian kernel. The cross-correlation, as a Z-value, was calculated pixelwise between a delayed boxcar function and the set of measurements, after autocorrelation correction (4 s) [13] . Afterwards, the statistical distribution of the Z-values was calculated and a probability value for each Z-value was attributed. This approach enables one to work with the same probability for each experiment and allows more accuracy when addressing the question of the reproducibility [14] . Only clusters of . 4 pixels showing statistically signi®cant Z-score (at p 0.01) were considered [15] . Maps were normalized to the Talairach and Tournoux space.
RESULTS
Activation maps for the six subjects showed the implication of left cortical areas, principally the dorsolateral prefrontal cortex (BA 9/46), the middle temporal gyrus (BA 22/21) and the inferior frontal gyrus (BA 44/45). Other activations were found in the superior parietal lobule/ superior occipital gyrus (BA 7/19) for the two tasks, the inferior parietal lobule (BA 40) and the precentral gyrus (BA 6/4) particularly during the semantic task (Table 1) . All responses were localized in the LH, except in one subject who showed, mainly during the semantic task, additional RH activations in the inferior frontal gyrus (BA 44/45), the superior frontal gyrus (BA 8) and the cuneus/ lingual gyrus (BA 18/31). Figure 1 illustrates the anatomical images of the patient SDA with the superimposition of activated brain regions observed before and after surgery. Prior to surgery, activations were essentially observed in the RH. These involved in both tasks the inferior frontal gyrus (BA 44/45), the dorsolateral prefrontal cortex (BA 9/46) and the angular/ superior occipital gyrus (BA 39/19). Smaller clusters of activated pixels were also detected during the categorisation task in the dorsal frontal gyrus (BA 6), more precisely in the supplementary motor area (SMA). Postoperatively, essentially three RH regions were activated: the dorsolateral prefrontal cortex (BA 9/46), the dorsal frontal gyrus (SMA, BA 6) for the two tasks, and the angular gyrus extending into the superior occipital gyrus (BA 39/19) for the categorisation task (Table 1) . No activation was found in the LH. The temporal gyri did not show activations either preoperatively or postoperatively, although some weak activation was observed in the middle temporal gyrus (BA 21/22) but failed to reach the statistical level of signi®cance. The major differences between the two scans concerned in the rhyme task the post-operative disappearance of inferior frontal gyrus and angular/superior occiptal gyrus activation and the appearance of activation in the SMA. In the semantic task, the only difference was absence of activation, post-operatively, in the inferior frontal gyrus.
DISCUSSION
The most signi®cant observation in this report concerns the unexpected implication of the RH in language processing in a patient with a congenital right opercular malformation. In control subjects, the observed pattern of brain activation con®rms previous ®ndings, in particular by showing the involvement in both tasks of the dorsolateral prefrontal cortex, the inferior frontal gyrus and the middle/superior temporal gyrus in the LH [4, 16] .
Neuroimaging studies have also suggested that the RH plays a major role in aphasia recovery after stroke in LH language regions [17, 18] . In right-handed patients with congenitally acquired AVM in the LH, other studies using both superselective Wada tests and fMRI paradigms have reported a complete or partial RH language lateralisation [6±8], suggesting that language representation had shifted from the classically dominant LH to the RH during the early development. In our case, we investigated a patient with a congenital right frontal opercular AVM. The RH dominance for language processing was suggested by the clinical presentation (motor dysphasia) after a haemorrhage due to the malformation and by the functional integrity of the LH as attested by the anatomical presurgical CT and MRI scans. A language-dominant RH has been observed in $15% of an ambidextrous control population [19] . Based on previous LH AVM observations where language lateralisation had partially or completely shifted from the LH to the RH [6, 8] , one could have expected to observe a bilateral representation of the language network in our patient involving at least left frontal regions. However, in our study, semantic and phonological language tasks before surgery only showed activations in NEUROREPORT the patient's RH, particularly in the vicinity of the AVM. These activations could be explained by the preservation of a suf®ciently large neuronal network around the malformation or the infarct to allow reorganisation [20, 21] . The implication of the right inferior frontal gyrus (BA 44/45), distant by few millimeters from the haemorrhage (AVM), is thus not surprising, since it corresponds to the homotopic region of the traditional left Broca area generally activated during language tasks [4] . More than 2 months postoperatively and after aphasia recovery, the results indicated no activation in the LH. However, compared with the results before surgery, the post-surgery results showed little (or no) activation in the right inferior frontal gyrus. This pattern change might account for the worsening of the dysphasia after surgery, notably with the persisting word-®nding and syntactic dif®culties [22] . Post-surgery activations also showed the involvement during the two tasks of the dorsal frontal gyrus which comprises the SMA. This ®nding corroborates previous observations showing that SMA is a major compensatory region during the early weeks of language recovery [20] . In addition, the implication of the angular gyrus with some extension into the superior occipital gyrus was more inferior than in the control subjects. The activation of such extrastriate visual areas by semantic tasks in a patient recovering from acquired dysphasia has been interpreted in terms of a change in the cognitive strategies rather than a manifestation of cortical plasticity [18] .
The activation of the superior/middle temporal gyri, observed in controls in the rhyme and the semantic task, was not observed in the patient both in pre-and postsurgery scans. Although surprising, the absence of this activation is in accordance with previous cases where such activation was not found in a patient with a left frontal AVM [7] and in another patient with a left ischemic lesion [18] . It is noteworthy that the aphasic symptoms of the latter patient were in some regards similar to those described in our patient, in particular word-®nding and sentence-construction dif®culties. Furthermore, such an absence of activation in the superior/middle temporal gyri was observed in one of the six controls tested in this study suggesting that the involvement of this region may depend on the subjects' strategies to resolve the task demands.
The phonological and the semantic tasks used in this study involved the second language (French) of the patient SDA. Previous studies have, however, established that native and secondary languages activated overlapping regions in the frontal lobe [23] and, accordingly, the pattern of activation observed here cannot be attributed to the use of the second language. In addition, no pathological switching between the native (Portuguese) and the acquired language (French) was manifested by the patient [24] .
Our results provide additional ground in the large debate concerning the mechanisms of recovery from aphasia following lesions in language zones. While some imaging studies have linked recovery essentially to the recruitment of homologous compensatory RH [8, 17, 25] , others suggest that recovery is mainly achieved by implication of preserved LH language areas [26] which constitute a major determinant for long-term prognosis of aphasia [20, 27] . More recently, it has been suggested that recovery from dysphasia may also depend on processing strategies adopted by the patients and consequently the recruitment of both the preserved language areas and on the use of homologous regions in the other hemisphere [18] . The case of SDA presented here indicates that cerebral plasticity which has allowed intrahemispheric reorganisation of her language network during the early development, allowed also language recovery after the haemorrhage by the use of her RH functionally intact regions. Further investigations, in particular on aphasic patients with RH lesions are necessary to confront the large literature on aphasic patients with LH lesions.
CONCLUSION
The main result reported in this case study is the demonstration prior to surgery of a RH language lateralisation in an ambidextrous patient despite the fact that the congenital AVM could have forced a shift of language towards left frontal regions. The second important result is the absence of interhemispheric reorganisation to explain recovery after the excision of the right frontal AVM. The absence of LH involvement in language processing during both the early childhood and following lesion excision suggest that interhemispheric transfer of language in patients with frontal cerebral arteriovenous malformation is not always the necessary process for language development and recovery.
